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Recent studies have demonstrated transcriptional activation domains within the tumor suppressor protein
pS3, while others have described specific DNA-binding sites for p53, implying that the protein may act as a
transcriptional regulatory factor. We have used a reiterative selection procedure (CASTing: cyclic amplifica-
tion and selection of targets) to identify new specific binding sites for p53, using nuclear extracts from normal
human fibroblasts as the source of p53 protein. The preferred consensus is the palindrome GGACATGC
CCGGGCATGTCC. In vitro-translated p53 binds to this sequence only when mixed with nuclear extracts,
suggesting that pS3 may bind DNA after posttranslational modification or as a complex with other protein
partners. When placed upstream of a reporter construct, this sequence promotes p53-dependent transcription

in transient transfection assays.

The nuclear phosphoprotein pS3 functions as a tumor
suppressor, as demonstrated by its ability to inhibit trans-
formation by viral and cellular oncogenes and by the high
frequency of mutational inactivation of p53 in tumor cells
(for review, see references 23, 37, and 40). It also cooperates
with the retinoblastoma protein to regulate the M1 mecha-
nism of in vitro cellular senescence (15, 32). The protein was
initially characterized by its interaction with the products of
oncogenic DNA tumor viruses such as simian virus 40
(SV40), human papillomavirus, and adenovirus, each of
which expresses a protein that complexes specifically with
the p53 protein. The binding of p53 to the large T antigen of
SV40 inhibits several of the activities of the T antigen,
including binding to the viral origin of replication (5, 13),
interaction with DNA polymerase a (39), and ATP-depen-
dent helicase activity (13). Mutants of p53 which can act in a
trans-dominant fashion to inactivate the wild-type p53 pro-
tein usually fail to bind to large T antigen, suggesting that p53
may interact with a functional homolog(s) of T antigen in
normal cells.

Several lines of evidence suggest that p53 acts in part as a
DNA-binding protein. p53 binds nonspecifically to DNA-
cellulose (18, 21, 35), and purified recombinant wild-type p53
has been shown to bind to sequences at the SV40 DNA
origin of replication (2), as well as to specific sites found in
human genomic DNA sequences suspected of controlling
normal cellular DNA replication (19). Some mutant versions
of p53 fail to bind DNA in either a specific or a nonspecific
fashion (2, 19, 35). DNA protection patterns on the SV40
chromosome induced by p53 implicate the Spl-type GC
boxes (GGGCGG) as binding sites (2), while protection
patterns of a p53-binding human genomic DNA clone sug-
gest that 5-bp repeats of TGCCT are required for binding
(19). In addition, fusion proteins composed of the DNA-
binding domain of GAL4 linked to p53 have demonstrated
the presence of a strong transcriptional activation domain
within the p53 molecule, suggesting that the protein may
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participate in transcriptional promoting complexes (11, 25—
27).

We describe here the use of native p53 complexes to
determine the DNA-binding specificity of p53. In a proce-
dure which we have termed CASTing (cyclic amplification
and selection of targets) (42), nuclear extracts that contain
the DNA-binding protein of interest are mixed with an
excess of double-stranded oligonucleotide containing a cen-
tral core of complete degeneracy flanked by polymerase
chain reaction (PCR) priming sequences. After the DNA-
protein complexes are purified by using magnetic beads
coated with monoclonal antibody, the DNA is released and
amplified by PCR. Following several CASTing cycles, the
DNA is ligated into an appropriate vector and the DNA
sequences of individual clones are determined. Related
approaches that use repetitive enrichment of sites present in
degenerate oligonucleotides have been developed indepen-
dently in several laboratories (3, 7, 10, 34, 38). A strong
palindromic DNA-binding site for p53 was observed after six
CASTing cycles, and this sequence confers p53-dependent
activation when placed upstream of a reporter gene in
transient transfection assays.

MATERIALS AND METHODS

CASTing for the p53 consensus DNA-binding site. CASTing
was performed essentially as described previously (42). The
target oligonucleotide contains flanking PCR primer sites
which bracket a central core of 35 degenerate bases (Fig.
1A). A 5-pg sample of this mixture was converted to
double-stranded DNA by annealing an excess of a primer
complementary to the 3’ flanking site and then performing
one primer extension reaction with Tag DNA polymerase.
Nuclear extracts were prepared from proliferating normal
human lung diploid fibroblasts (IMR90, ATCC CCL186,
passage 29) as described elsewhere (22). Anti-pS3 monoclo-
nal antibody beads were prepared by incubating anti-mouse
immunoglobulin G-coated magnetic beads (Dynal Inc.,
Great Neck, N.Y.) with culture supernatant from PAb421
hybridoma cells. The first cycle of CASTing included 10 pg
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FIG. 1. PAb421-selected DNA sequences following six CASTing
cycles. (A) Sequence of the degenerate oligonucleotide. PCR prim-
ers which correspond to the cloning sites that flank the degenerate
bases were used to amplify the selected DNA between each cycle.
(B) DNA sequences of individual clones following six rounds of
CASTing (42). Seventeen clones contained conserved palindromic
elements, which are aligned and highlighted in boldface type. The
three groupings define sequences with slightly different arrange-
ments of the consensus half-sites (see below). Bases from the Xbal
site adjacent to the degenerate core are shown in lowercase. Nuclear
extracts were prepared from proliferating normal human diploid
fibroblasts (IMR90, passage 29) as described elsewhere (22). Six
additional clones (not shown) contained sequences apparently un-
related to those shown above. These have not been examined by
EMSA to determine whether they contain specific binding sites and
may represent random sequences still present after six cycles of
CASTing. (C) Configuration of potential half-sites in the extended
p53 consensus binding site. Each consensus site can be defined as
containing four half-sites: two of TGCCC and two of TGTCC. The
sequences of individual clones in panel B suggest that several
different arrangements of these half-sites can support p53 binding.

of double-stranded oligonucleotide and 4 pl of IMR90 nu-
clear extract in a total volume of 20 pl of buffer (100 mM
NaCl, 20 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid] [pH 7.5], 1.5 mM MgCl,, 10 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride, 10 pg of
pepstatin per ml, 10 pg of leupeptin per ml, 0.1% Triton
X-100, 20% glycerol). Following a 20-min incubation at room
temperature, 10 pl of PAb421 anti-p53 antibody-coated
magnetic beads was added, and the mixture was then agi-
tated at room temperature on a low-speed shaking platform
for 1 h. The magnetic beads were retrieved from solution
with a magnet and then washed four times with 0.5 ml of
isotonic saline containing 0.1% Nonidet P-40 and 0.1 mg of
bovine serum albumin per ml. The DNA bound to the beads
was then released by adding 100 pl of PCR reaction mixture
containing 500 uM each of the two primers which flank the
degenerate oligonucleotide and 125 uM each of deoxyribo-
nucleotide in Taq reaction buffer (Promega, Madison, Wis.)
and then heating at 95°C for 5 min. Tag DNA polymerase (1
nl) was then added, followed by 10 to 20 cycles of PCR
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(94°C, 60 s; 55°C, 60 s; 72°C, 120 s). Amplification products
were analyzed by agarose gel electrophoresis (2% agarose,
1x TBE (Tris-borate-EDTA), and 10 pl of the amplified
material (typically containing 30 to 50 ng of DNA) was used
to initiate a second round of CASTing. The second and
subsequent rounds of CASTing included 10 pg of sonicated
salmon sperm DNA as a nonspecific competitor during the
initial incubation of nuclear extract with oligonucleotide.
Following six cycles of CASTing, the amplified DNA was
digested with BamHI and HindIIl and then cloned into
pBluescript II (Stratagene, La Jolla, Calif.), and the se-
quences of individual inserts were determined by the dide-
oxy method by using double-stranded plasmid.

EMSA. Mouse C2C12 myoblasts or human diploid fibro-
blasts (IMR90 at PDL 28) were transfected with 10 pg of an
expression vector for human wild-type p53 (pC53-SN) or the
parental vector pPCMV-Neo-Bam (pCMYV) (1). Electropora-
tions were performed on 1.5 X 107 cells in a volume of 0.5 ml
with a GenePulser apparatus (Bio-Rad, Richmond, Calif.)
set at 250 V/960 pF. The total amount of DNA in each
transfection was increased to 60 pg with sonicated salmon
sperm DNA. Nuclear extracts were prepared 48 h posttrans-
fection as described elsewhere (22). An electrophoretic
mobility shift assay (EMSA) was performed on approxi-
mately 1 ng of end-labeled double-stranded oligonucleotide
by using 3 ul of nuclear extract (10 pg of protein) and 0.5 pg
of sonicated salmon sperm DNA as a nonspecific competitor
in a total volume of 12 pl of the buffer described for the initial
step of the CASTing procedure. After a 20-min incubation at
room temperature, the products were separated on native
polyacrylamide gels (4%, 1x Tris-borate-EDTA).

In vitro translations. The small BamHI fragment of plas-
mid pC53-SN containing the p53 coding sequence was
cloned into plasmid pBluescript II KS*, and the resulting
plasmid was linearized by digestion with EcoRI. Capped
transcripts were prepared by using T7 RNA polymerase
(Promega) and then translated in reticulocyte lysates as
recommended by the supplier (Promega). The translation
products were assayed by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis, and 3 pl of these was assayed
directly for DNA binding to end-labelled double-stranded
oligonucleotide in the presence of 0.5 pg of sonicated salmon
sperm DNA as nonspecific competitor. In mixing experi-
ments, 3 pl of translation products was added to 3 pl of
nuclear extracts prepared from IMR90 fibroblasts and left on
ice for 30 min prior to initiating the EMSA.

Luciferase reporter gene assays. pGUP.PA.8 was obtained
from R. S. Williams (41a). It contains a basal promoter
element including the TATAA element from the human
hsp70 gene upstream of the firefly luciferase coding sequence
(9). Double-stranded oligonucleotides encoding the pS53 con-
sensus binding site (pS3CON), fragment A (containing nu-
cleotides 106 to 138 of fragment A from human genomic
clone 772 Cgg [19]), or both were first cloned and sequenced
in pBluescript II (Stratagene) and then released by restric-
tion digestion and cloned into the Smal-BamHI cloning site
located 5’ to the basal promoter of pGUP.PA.8.

H1299 cells, a human non-small cell lung cancer line that
contains a homozygous deletion of the p53 gene (24a), were
transfected by electroporation as described above. Each
transfection included 10 pg of reporter plasmid, 10 pg of
pCMV-lacZ, 10 pg of either pC53-SN or pCMYV, and 30 p.g of
sonicated salmon sperm DNA. Luciferase activity was as-
sessed (9) 24 h following transfection and normalized for
differences in transfection efficiency as determined by a
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spectrophotometric B-galactosidase assay (29). The results
are reported as the means of duplicate experiments.

Nucleotide sequence accession number. The EMBL acces-
sion number for the DNA-binding motif recognized by
p53-containing complexes described in this report is X63571
HSDBMPS3.

RESULTS AND DISCUSSION

We have determined DNA-binding sites for p53-contain-
ing nuclear complexes from normal diploid fibroblasts. Our
previous study on the DNA-binding specificity of the muscle
regulatory factor myogenin indicated that the preferred site
for purified recombinant protein homomers differed signifi-
cantly from that of the protein isolated from nuclear ex-
tracts; in the latter case, the protein is complexed to its
natural protein partners (12, 42). Normal diploid fibroblasts
contain low but detectable amounts of p53, and we chose to
use crude nuclear extracts from these cells as a source of
wild-type p53 protein to reflect a native configuration of the
protein.

Figure 1B presents a list of DNA sequences cloned after
six cycles of CASTing with the anti-p53 monoclonal anti-
body PAb421 and nuclear extracts from IMR90 human lung
fibroblasts. Of the 23 clones initially sequenced, 17 con-
tained a clearly recognizable palindromic element. Exami-
nation of these sequences indicates that they represent a
tandem arrangement of two shorter imperfect palindromes,
each containing the half-sites TGCCC and TGTCC (Fig. 1C).
Each clone therefore contains a string of potential half-sites
which can apparently be arranged in a variety of combina-
tions to support p53 binding.

EMSAs were performed to demonstrate binding of p53 to
the CASTing consensus sequence, pS3CON. We were ini-
tially unable to demonstrate specific gel shift activity using
nuclear extracts from IMR90 fibroblasts. Since the levels of
p53 protein in these extracts are extremely low, we in-
creased p53 expression by transfecting the mouse myoblast
cell line C2C12 (Fig. 2) or IMR90 fibroblasts (Fig. 3) with a
cytomegalovirus promoter-driven wild-type human p53
expression vector, pC53-SN, and analyzed the resulting
nuclear extracts. As shown in Fig. 2, transfection with the
parental pCMV vector alone did not result in a specific
shifted band, although addition of PAb421 antibody to this
assay produced a faint shifted band (compare lanes 2 and 3).
Transfection with the p53 expression vector induced a strong
band (Fig. 2, lane 4) which was double shifted by PAb421
and double-shifted and/or abolished by a different anti-p53
monoclonal antibody, PAb1801 (lanes 5 and 6, respectively).
Antibody alone did not interact with the probe in the absence
of nuclear extract (Fig. 2, lane 1), indicating the presence of
p53 in the double-shifted complexes present in lanes 5 and 6.
The p53-specific band was subject to competition with an
excess of unlabeled self oligonucleotide (Fig. 2, lanes 7 to 9)
but not with two unrelated oligonucleotides (NF1 and MEF1
[Fig. 2, lanes 10 and 11]) nor with an oligonucleotide
(fragment A [lane 12]) previously described as containing a
specific p53-binding site (19). Fragment A includes nucleo-
tides 106 to 138 of human genomic clone 772 Cgzg, which
contains four copies of a TGCCT motif. (It should be noted
that the lower nonspecific band in Fig. 2 and 3 was subject to
competition with both the NF1 and fragment A oligonucle-
otides. The DNA half-site of the NF1 protein family, TGGC,
is similar to the TGCCC and TGTCC half-sites present in
p53CON and to the TGCCT half-sites present in fragment A,
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PROBE: P53CON: GGACATGCCCGGGCATGTC
COMPETITORS :

NF1: TTGTTTTTGGCAGTGTGCCAACAGTCG
MEF1: GATCCCCCCAACACCTGCTGCCTGA
FRAG.A: ACGTTTGCCTTGCCTGGACTTGCCTGGCCTTGCCTT

FIG. 2. EMSA of the selected consensus binding site demon-
strates specific DNA binding. Mouse C2C12 myoblasts were trans-
fected with an expression vector for human wild-type p53 (pCS3-
SN) or with the parental vector pCMV. p53-specific binding is
demonstrated by the formation of tertiary complexes with anti-p53
antibodies (lanes 5 and 6) and by competition with self (lanes 7 to 9)
but not with other oligonucleotides (lanes 10 to 12). A 1-pl volume
of anti-p53 monoclonal antibody PAb421 (10-fold-concentrated hy-
bridoma culture supernatant) or PAb1801 (100 pg of Ab-2 per mi;
Oncogene Science, Manhasset, N.Y.) was added as indicated.
Nonlabeled double-stranded oligonucleotides used as competitors
were included in molar excess compared with labeled probe. NF1,
20-bp oligonucleotide containing a consensus binding site for NF1
protein (TGGy, 7CCA); MEF1, 26-bp sequence to the MEF1-
binding site of the mouse MCK enhancer (6); fragment A (FRAG.
A), 32-bp sequence from fragment A (nucleotides 106 to 138) of
clone 772Cgxg (19), previously shown to bind to purified recombinant
wild-type p53. Lower arrow, position of the p53-specific band;
upper arrow, position of antibody double-shifted band.

and it is possible that this nonspecific band is due to binding
by members of the NF1 family.)

Both antibodies appear to displace entirely the p53-in-
duced band, but the intensity of the PAb421 double-shifted
band was considerably greater than the original p53-induced
band, while that of the PAb1801 band was considerably less.
Different epitopes are recognized by antibodies PAb421 (C
terminus of p53) and PAb1801 (N terminus of p53) (43). It is
likely that the binding of PADb421 to its epitope either
releases the protein from a complex in which the protein has
low affinity for this DNA or stabilizes the protein in a
conformation which has increased affinity for DNA, while
binding to the PAb1801 epitope may do the reverse. This
effect is similar to that recently observed with an antibody to
the estrogen receptor on binding to an estrogen response
element (17). The faint double-shifted PAb421 band seen in
extracts from nontransfected or from control pCMV-trans-
fected extracts (Fig. 2, lane 3) would result from the effect of
PAb421 on the endogenous mouse pS3 in these cells. In
support of this conclusion, PAb421 double-shifted bands are
totally absent in nuclear extracts from human cell lines
(MDA-MB-157, ATCC HTB24, or H358 [4]) which lack
detectable amounts of p53 protein (data not shown).

Some of the essential features of this binding site were
examined by testing the ability of mutant sequences to
compete with the labeled CASTing consensus p53-binding
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PROBE: p53CON: GGACATGCCCGGGCATGTC
COMPETITORS : A: GCTACCCGGGGCTA
B: GACATGGGGCCCCATGTC
C: GACAGTCCCGGGACTGTC
D: GACATGCTGGTGCATGTC
FRAG.A: ACGTTTGCCTTGCCTGGACTTGCCTGGCCTTGCCTT
FIG. 3. Competition for p53 binding by variants of the consensus
sequence. Normal human lung fibroblasts (IMR90 and PDL 29) were
transfected with plasmids pCMV or pC53-SN. Nuclear extracts
were prepared 40 h posttransfection and were mixed with approxi-
mately 1 ng of labeled pS3CON oligonucleotide by using 0.5 pg of
sonicated salmon sperm DNA as nonspecific competitor. Anti-p53
antibodies (PAb421 or PAb1801) or nonlabeled competitor oligonu-
cleotides (as molar excess of labeled probe) were included prior to
the addition of nuclear extract as indicated. Neither the mutant
sequences A to D nor fragment A (Frag. A) competed for binding of
the pS53-specific complex. Substitutions from the consensus se-
quence in competitors A to D are underlined.

site. As seen in Fig. 3, EMSA analysis of diploid IMR90
fibroblasts transfected with the p53 expression vector
yielded induced and double-shifted bands similar to those
seen with mouse C2C12 myoblasts (compare Fig. 2, lanes 1
to 9 with Fig. 3, lanes 1 to 10). Neither mutations in which
the central CCCGGG block was preserved while the flanking
sequence was changed (competitor A; Fig. 3, lanes 11 and
12) nor a mutation containing an inverted version of this
block in which the flanking sequences were maintained
(competitor B; Fig. 3, lanes 13 and 14) could compete
effectively for binding. Inversion of the TG and CA dinucle-
otides distal to this central block also negated competition
(competitor C; Fig. 3, lanes 15 and 16), as did substitution of
this block with a nonpalindromic sequence (competitor D;
Fig. 3, lanes 17 and 18).

Figure 4 compares the ability of p53 to recognize p5S3CON
versus the probe fragment A. The complex binding to
fragment A was double shifted by monoclonal antibody
PAb421 when assayed with nuclear extracts from normal
fibroblasts transfected with a wild-type human p53 expres-
sion vector, although the intensity of the PAb421-shifted
band was considerably reduced in comparison to the same
shifted band using the core sequence p53CON (Fig. 4;
compare lanes 4 and 8). Fragment A competed poorly with
p53CON for p53 binding at the DNA concentrations tested
(Fig. 3, lanes 19 and 20), indicating that fragment A either
binds p53 with lower affinity than the CASTing consensus or
binds p53 in some alternate conformation or complex.

Previous reports have demonstrated nonspecific interac-
tion of p53 with DNA when in vitro-translated (18) or
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FIG. 4. EMSA of the consensus sequence versus fragment A
(frag. A). End-labeled pS3CON or fragment A oligonucleotides were
assayed for binding to nuclear extracts as described in the legend to
Fig. 3 in the presence or absence of antibody PAb421. Lower arrow,
position of the p53-shifted band; upper arrow, position of the
PAb421 double-shifted band.

bacterially expressed protein (33) binding to total genomic
DNA was used or sequence-specific interactions when puri-
fied baculovirus-expressed protein (2, 19) was used. To
determine whether p53 binds to pS3CON directly as non-
modified protein, we prepared in vitro-translated wild-type
human p53 and assayed the reaction products by EMSA.
The background pattern of bands present in nonprogrammed
reticulocyte lysates (RL in Fig. 5 [lanes 2 and 3]) was
unchanged in comparison with that of in vitro-translated p53
protein (53 in Fig. 5 [lanes 4 and 5]), either in the absence or
in the presence of antibody PAb421. We reasoned that if p53
requires additional modification or required oligomerization
with another protein, mixing the translated protein with
nuclear extracts might reconstitute an active complex. The
faint band due to the endogenous p53 detected by antibody
PAb421 (present in mixtures of nuclear extract and nonpro-
grammed reticulocyte lysate; Fig. 5, lane 7) became promi-
nent when in vitro-translated p53 was mixed with the same
extract (Fig. 5, lane 9). Similar results were obtained when
nuclear extracts from the p53 null cell line H358 were used;
however, the activity ascribed to the endogenous p53 was
absent.

These findings suggest that in order to bind to this specific
sequence, p53 must either form complexes with additional
proteins present in nuclear extracts or be posttranslationally
modified by the extract. The palindromic nature of the

PAb421 + + + +
EXTRACT + o+ o+

- RL RL 53 53 RL RL 53

S+ +

e L

FIG. 5. EMSA of in vitro-translated p53 demonstrates that p53
protein alone is insufficient for binding to the consensus. Binding of
in vitro-translated human wild-type p53 (53; lanes 4, 5, 8, and 9) to
p53CON oligonucleotide was assayed in comparison with that of
nonprogrammed rabbit reticulocyte lysate (RL; lanes 2, 3, 6, and 7)
either directly (without extract [—]) or following a 30-min preincuba-
tion with nuclear extracts prepared from IMR90 cells (with extract
[+]) (22). Monoclonal antibody PAb421 was included as indicated.
Position of the band double shifted by the antibody is indicated by
an arrow.

8 9
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FIG. 6. Luciferase reporter gene assays of p53 DNA-binding
sequences. Oligonucleotides encoding the p53 consensus binding
sequence pS3CON, fragment A (Frag. A), or both were cloned 5’ to
the basal hsp70 promoter element of the luciferase reporter plasmid
pGUP.PA.8. Plasmids were cotransfected with the p53 expression
vector pC53-SN or the parental vector pCMV, and the level of
luciferase activity was determined 24 h posttransfection. Activities
were normalized by measuring B-galactosidase activity from a
cotransfected lacZ expression vector, pCMV-lacZ.

Frag.A

consensus sequence is a feature which frequently indicates
protein dimer-binding sites (16), suggesting that p53 binds
across the consensus site either as a pair of modified
homodimers or possibly as paired heterodimers with other
nuclear proteins. The ability of p53 to form homo- or
hetero-oligomers (8, 20, 31, 36) supports such a conclusion.
In a separate experiment, digestion of the CASTing consen-
sus oligonucleotide by Smal (which produces a blunt-end cut
in the middle of CCCGGG sequences) into half-molecules
severely disrupted the ability of the consensus to act as
self-competitor (data not shown). Although one-half of this
molecule would still retain an inverted repeat unit (Fig. 1C),
the reduction in binding affinity would suggest that paired
dimer-binding sites provide some degree of cooperativity in
the binding of protein to DNA. We suspect that the repeated
TGCCT motif seen in sequences such as that of fragment A
represents a variation of the half-sites reported here (i.e.,
TGCCC and TGTCC) and can constitute p53-binding sites
by virtue of their physical proximity.

The p53 protein contains a potent transcriptional activa-
tion domain, as demonstrated by reporter gene studies in
which DNA-binding activity is provided by fusion of p53 to
the DNA-binding domain of the yeast GAL4 protein (11, 25
to 27). To determine whether p53 could act as a transcrip-
tional activator without an exogenously supplied DNA-
binding activity, we inserted pS3CON, fragment A, or both
adjacent to the basal hsp70 promoter of the luciferase
reporter plasmid pGUP.PA.8. When assayed in the p53 null
cell line H1299, single copies of either the p53 consensus
binding site or fragment A were capable of increasing the
activity of this promoter approximately 15- and 20-fold,
respectively, when cotransfected with a wild-type p53
expression vector (Fig. 6). A tandem linkage of pS3CON
with fragment A provided a 30-fold activation, indicating an
additive rather than a synergistic cffect.
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The results reported here are consistent with many of the
observed propertics of the p53 protein. A rccent report
suggests that p53 can form homotetrameric complexcs (35a),
which may explain the four tandem half-sites we observed in
our CASTing consensus-binding sequence. The ability of
isolated half-sites, such as those seen in fragment A, to
support both p53 binding and transcriptional activation
would suggest that natural binding sites may require group-
ings of half-sites only in reasonably close proximity. The
binding of p53 to DNA sequences controlling DNA replica-
tion (2, 19) and the ability to cffect transcriptional activation
(11, 25-27, and the present report) have precedent in pro-
teins such as the SV40 T antigen (28) and the NF1 family of
proteins (24).

We have observed paired half-sites in the noncoding
regions of many human genes. A screen of the human
sequences in the GenBank DNA data base (release 68) with
the 10-base sequence TGCCCGGGCA identified perfect
matches to this sequence in the 5’ flanking regions of the
c-Ha-ras-1 oncogene and the gene for DNA ligase 1 and in
the 3’ untranslated region of the tyrosine kinase receptor
gene; however, a direct demonstration of p53-binding activ-
ity in these genes has not yet been made. Identification of the
actual genes targeted for regulation by p53 will be of great
interest. Since overexpression of p53 has been shown to
both activate and repress the transcription of different genes
(14, 30, 41), p5S3 is likely to be part of a regulatory cascade
that controls cellular replication and thus may be an impor-
tant component of normal cellular division and senescence.
Knowledge of normal p53 functions should eventually lead
to a clearer understanding of the cffects of p53 mutations in
oncogenesis.

ACKNOWLEDGMENTS

We thank A. Levine (Princeton University) for providing hybrid-
oma cells PAb421, B. Vogelstein (Johns Hopkins) for plasmids
pC53-SN and pCMYV, R. S. Williams (University of Texas, South-
western Medical Center) for plasmid pGUP.PA.8, R. Moreadith
(University of Texas, Southwestern Medical Center) for plasmid
pCMV-lacZ, and J. Minna (University of Texas, Southwestern
Medical Center) for H358 cells.

This work was supported by NIH grants AG07992 (W.E.W. and
J.W.S., who contributed equally to this work) and CAS50195
(J.W.S.) and by postdoctoral fellowships from the Medical Research
Council of Canada (W.D.F.) and from Pfizer (R.H.K.).

REFERENCES

1. Baker, S. J., S. Markowitz, E. R. Fearon, J. K. V. Willson, and
B. Vogelstein. 1990. Suppression of human colorectal carcinoma
cell growth by wild-type p53. Science 249:912-915.

2. Bargonetti, J., P. N. Friedman, S. E. Kern, B. Vogelstein, and C.
Prives. 1991. Wild-type but not mutant p53 immunopurified
proteins bind to sequences adjacent to the SV40 origin of
replication. Cell 65:1083-1091.

3. Blackwell, T. K., and H. Weintraub. 1990. Differences and
similarities in DNA-binding preferences of myoD and E2A
protein complexes revealed by binding site selection. Science
250:1104-1110.

4. Bodner, S., J. D. Minna, S. M. Jensen, D. D’Amico, T. Mitsu-
domi, J. Fedorko, M. M. Nau, and A. F. Gazdar. Expression of
mutant p53 proteins correlates with the class of p53 gene
mutation. Oncogene, in press.

5. Braithwaite, A. W., H.-W. Sturzbecher, C. Addison, C. Palmer,
K. Rudge, and J. R. Jenkins. 1987. Mouse p53 inhibits SV40
origin-dependent DNA replication. Nature (London) 329:458—
460.

6. Buskin, J. N., and S. D. Hauschka. 1989. Identification of a
myocyte nuclear factor that binds to the muscle-specific en-



Vor. 12, 1992

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

22.

23.

24.

24a.

25.

hancer of the mouse creatine kinase gene. Mol. Cell. Biol.
9:2627-2640.

. Chittenden, T., D. M. Livingston, and W. G. Kaelin. 1991. The

T/E1A-binding domain of the retinoblastoma product can inter-
act selectively with a sequence-specific DNA-binding protein.
Cell 65:1073-1082.

. Clarke, C. F., K. Cheng, A. B. Frey, R. Stein, P. W. Hinds, and

A. J. Levine. 1988. Purification of complexes of nuclear onco-
gene p53 with rat and Escherichia coli heat shock proteins: in
vitro dissociation of hsc70 and dnaK from murine p53 by ATP.
Mol. Cell. Biol. 8:1206-1215.

. DeWet, J. R., K. V. Wood, M. DeLuca, D. R. Helinski, and S.

Subramani. 1987. Firefly luciferase gene: structure and expres-
sion in mammalian cells. Mol. Cell. Biol. 7:725-737.

Ellington, A. D., and J. W. Szostak. 1990. In vitro selection of
RNA molecules that bind specific ligands. Nature (London)
346:818-822.

Fields, S., and S. K. Jang. 1990. Presence of a potent transcrip-
tional activating sequence in the p53 protein. Science 249:1046—
1049.

Funk, W. D., and W. E. Wright. Unpublished data.

Gannon, J. V., and D. P. Lane. 1987. p53 and DNA polymerase
o compete for binding to SV40 T antigen. Nature (London)
329:456-458.

Ginsberg, D., F. Mechta, Y. Moshe, and M. Oren. 1991. Wild
type p53 can down-modulate the activity of various promoters.
Proc. Natl. Acad. Sci. USA 88:9979-9983.

Hara, E., H. Tsurui, A. Shiozaki, S. Nakada, and K. Oda. 1991.
Cooperative effect of antisense-Rb and antisense-p53 oligomers
on the extension of life span in human diploid fibroblasts, TIG-1.
Biochem. Biophys. Res. Commun. 179:528-534.

Johnson, P. F., and S. L. McKnight. 1989. Eukaryotic transcrip-
tion regulatory proteins. Annu. Rev. Biochem. 58:799-839.
Kato, S., L. Tora, J. Yamauchi, S. Masushige, M. Bellard, and
P. A. Chambon. 1992. Far upstream estrogen response element
of the ovalbumin gene contains several half-palindromic 5'-
TGACC-3" motifs acting synergistically. Cell 68:731-742.
Kern, S. E., K. W. Kinzler, S. J. Baker, J. M. Nigro, V. Rotter,
A. J. Levine, P. Friedman, and B. Vogelstein. 1991. Mutant
p53 proteins bind DNA abnormally in vitro. Oncogene 6:131-
136.

Kern, S. E., K. W. Kinzler, A. Bruskin, D. Jarosz, P. Friedman,
C. Prives, and B. Vogelstein. 1991. Identification of p53 as a
sequence-specific  DNA-binding protein. Science 252:1708-
1711.

Kraiss, S., A. Quaiser, M. Oren, and M. Montenarh. 1988.
Oligomerization of oncoprotein p53. J. Virol. 62:4737-4744.

. Lane, D. P., and J. H. Gannon. 1983. Cellular proteins involved

in SV40 transformation. Cell. Biol. Int. Rep. 7:513-514.
Lassar, A. B., R. L. Davis, W. E. Wright, T. Kadesch, C. Murre,
A. Voronova, D. Baltimore, and H. Weintraub. 1991. Functional
activity of myogenic HLH proteins requires hetero-oligomeriza-
tion with E12/E47-like proteins in vivo. Cell 66:305-315.
Levine, A. J., J. Momand, and C. A. Finlay. 1991. The p53
tumor suppressor gene. Nature (London) 351:453-455.
Mermod, N., E. A. O’Neill, T. J. Kelley, and R. Tjian. 1989. The
proline-rich transcriptional activator of CTF/NF-1 is distinct
from the replication and DNA binding domain. Cell 58:741-753.
Minna, J. D. (University of Texas Southwestern Medical Center
at Dallas). Personal communication.

O’Rourke, R. W., C. W. Miller, G. J. Kato, K. J. Simon, D. L.
Chen, C. V. Dang, and P. Koeffler. 1990. A potent transcrip-

26.

27.

28.
29.

30.

32.

33.

34.

35a.

36.

38.

39.

40.

41.

41a.

42.

p53 CONSENSUS DNA-BINDING SITE 2871

tional activation element in the p53 protein. Oncogene 5:1829—
1832.

Raycroft, L., J. R. Schmidt, K. Yoas, M. Hao, and G. Lozano.
1991. Analysis of p53 mutants for transcriptional activity. Mol.
Cell. Biol. 11:6067-6074.

Raycroft, L., H. Wu, and G. Lozano. 1990. Transcriptional
activation by wild-type but not transforming mutants of the p53
anti-oncogene. Science 249:1049-1051.

Rio, D., and R. Tjian. 1983. SV40 T antigen binding site
mutations that affect autoregulation. Cell 32:1227-1240.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Santhanam, U., A. Ray, and P. B. Sehgal. 1991. Repression of
the interleukin 6 gene promoter by p53 and the retinoblastoma
susceptibility gene product. Proc. Natl. Acad. Sci. USA 88:
7605-7609.

. Schmieg, F. 1., and D. T. Simmons. 1988. Characterization of the

in vitro interaction between SV40 T antigen and p53: mapping
the p53 binding site. Virology 164:132-140.

Shay, J. W., O. M. Pereira-Smith, and W. E. Wright. 1991. A
role for both RB and p53 in the regulation of human cellular
senescence. Exp. Cell Res. 196:33-39.

Shohat Foord, O., P. Bhattacharya, Z. Reich, and V. Rotter.
1991. A DNA binding domain is contained in the C-terminus of
wild type p53 protein. Nucleic Acids Res. 19:5191-5198.
Sompayrac, L., and K. J. Danna. 1990. Method to identify
genomic targets of DNA binding proteins. Proc. Natl. Acad.
Sci. USA 87:3274-3278.

. Steinmeyer, K., and W. Deppert. 1988. DNA binding properties

of murine p53. Oncogene 3:501-507.

Stenger, J. E., G. A. Mayr, K. Mann, and P. Tegtmeyer. 1992.
Formation of stable p53 homotetramers and multiples of tetram-
ers. Mol. Carcinog. 5:102-106.

Sturzbecher, H.-W., P. Chumakov, W. J. Welch, and J. R.
Jenkins. 1987. Mutant pS53 proteins bind hsp72/73 cellular heat
shock-related proteins in SV40 transfected monkey cells. On-
cogene 1:201-211.

. Takahashi, T., M. M. Nau, I. Chiba, M. J. Birrer, R. K.

Rosenberg, M. Vinocour, M. Levitt, H. Pass, A. F. Gazdar, and
J. D. Minna. 1989. p53: a frequent target for genetic abnormal-
ities in lung cancer. Science 246:491-494.

Tuerk, C., and L. Gold. 1990. Systematic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage T4 DNA
polymerase. Science 249:505-510.

Wang, E. H., P. N. Friedman, and C. Prives. 1989. The murine
p53 protein blocks replication of SV40 DNA in vitro by inhib-
iting the initiation functions of SV40 large T antigen. Cell
57:379-392.

Weinberg, R. A. 1991. Tumor suppressor genes. Science 254:
1138-1146.

Weintraub, H., S. Hauschka, and S. J. Tapscott. 1991. The MCK
enhancer contains a p53 responsive element. Proc. Natl. Acad.
Sci. USA 88:4570-4571.

Williams, R. S. (University of Texas, Southwestern Medical
Center at Dallas). Unpublished data.

Wright, W. E., M. Binder, and W. D. Funk. 1991. Cyclic
amplification and selection of targets (CASTing) for the myoge-
nin consensus binding site. Mol. Cell. Biol. 11:4104-4110.

. Yewdell, J. W, J. V. Gannon, and D. P. Lane. 1986. Monoclonal

antibody analysis of p53 expression in normal and transfected
cells. J. Virol. §9:444-452.



